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Summary
Borrelia burgdorferi sensu lato (s.l.), transmitted by Ixodes spp. ticks, is the causative agent of
Lyme disease. Although Ixodes spp. ticks are distributed in both Northern and Southern
Hemispheres, evidence for the presence of B. burgdorferi s.l. in South America apart from
Uruguay is lacking. We now report the presence of culturable spirochetes with flat-wave
morphology and borrelial DNA in endemic Ixodes stilesi ticks collected in Chile from
environmental vegetation and long-tailed rice rats (Oligoryzomys longicaudatus). Cultured
spirochetes and borrelial DNA in ticks were characterized by multilocus sequence typing and by
sequencing five other loci (16S and 23S ribosomal genes, 5S-23S intergenic spacer, flaB, ospC).
Phylogenetic analysis placed this spirochete as a new genospecies within the Lyme borreliosis

*

For correspondence. cabello@nymc.edu. Tel. (+1) 914 594 4182; Fax (+1) 914 594 4179 .
†Present address: Grupo de Microbiodiversidad y Bioprospección, Facultad de Ciencias, Departamento de Biociencias, Universidad
Nacional de Colombia-Medellín, Calle 59A No 63 – 20, Medellín, Colombia.

Ivanova et al.

Page 2

NIH-PA Author Manuscript

group. Its plasmid profile determined by PCR and pulsed-field gel electrophoresis differed from
that of B. burgdorferi B31A3. We propose naming this new South American member of the Lyme
borreliosis group Borrelia chilensis VA1, in honor of its country of origin.

Keywords
housekeeping genes; MLST/MLSA; Ixodes stilesi; Borrelia

Introduction
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The Borrelia genus currently contains at least 34 species of spirochetes (http://
www.ncbi.nlm.nih.gov/Taxonomy), many of which cause diseases in human beings and
domestic animals (Collares-Pereira et al., 2004; Dykhuizen and Brisson, 2010; Bouchard et
al., 2011; Stanek and Reiter, 2011). In human beings, Borrelia sp. are agents of two major
diseases: Lyme borreliosis (LB) (Radolf et al., 2012) and relapsing fever (RF) (Cutler,
2010). Borrelia are distributed throughout the world and are maintained in nature in a cycle
with various arthropod vectors and mammalian, avian, or reptilian hosts (Piesman and Gern,
2004; Dsouli et al., 2006; Marie-Angele et al., 2006; Tilly et al., 2008; Vitorino et al., 2008;
Takano et al., 2010; Bouchard et al., 2011; Margos et al., 2011; Vollmer et al., 2011;
Brisson et al., 2012). They fall into three groups, Borrelia burgdorferi sensu lato (s.l.)
complex (LB group) some of whose member cause LB (Stanek and Reiter, 2011; Margos et
al., 2011; Rudenko et al., 2011), the RF group whose members cause RF (Cutler, 2010), and
the reptile-associated (REP) group whose members infect reptiles but are not known to
cause human disease (Takano et al., 2010).
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LB is caused by several members of the Borrelia burgdorferi sensu lato (s.l.) complex and is
transmitted by hard-bodied Ixodes ticks (Piesman and Fikrig, 2010). Of the 19 members of
the LB group, only nine have been found in or isolated from human patients (B. afzelii, B.
bavariensis, B. bissetti, B. burgdorferi sensu stricto (s.s.), B. garinii, B. kurtenbachii, B.
lusitaniae B. spielmanii, B. valaisiana) while the remaining 10 have not (Stanek and Reiter,
2011; Rudenko et al., 2011). Most have been reported only from the Northern Hemisphere
(Margos et al., 2011). B. garinii is maintained in pelagic transmission cycles in both
hemispheres by seabirds and Ixodes uriae (Olsén et al., 1993) and B. burgdorferi s.l. DNA
has recently been demonstrated in ixodid ticks from Uruguay (Barbieri et al., 2013).
RF is caused by at least 13 borrelial species including B. turicatae, B. hermsii, B. hispanica,
B. miyamotoi, B. crocidurae, B. duttoni, B. recurrentis and closely related B. anserina and
B. coriaceae (Cutler, 2010; Platonov et al., 2011). It is transmitted by soft-bodied
Ornithodoros ticks and by the human body louse, Pediculis humanus (Barbour and Hayes,
1986; Piesman and Fikrig, 2010) as well as by hard-bodied Ixodes ticks (Platonov et al.,
2011). In contrast to borreliae of the LB group, RF group borreliae are found in both
Hemispheres (Kurtenbach et al., 2006; Ataliba et al., 2007; Piesman and Fikrig, 2010;
Dykhuizen and Brisson, 2010).
The distribution of tick-transmitted zoonoses depends on the presence of host animals and
arthropod vectors involved in their natural life cycle within a particular biotope (Bouchard et
Environ Microbiol. Author manuscript; available in PMC 2015 April 01.
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al., 2011; Margos et al., 2011; Estrada-Peña et al., 2012; Pepin et al., 2012). Chile has a
wide range of climatic conditions and many biotopes including some similar to those in the
Northern Hemisphere, as well as ixodid ticks and host animals. Ixodes stilesi is a wellcharacterized tick endemic to Chile (Kohls, 1956; González-Acuña and Guglielmone, 2005).
It has been shown to parasitize long-tailed pygmy rice rats (colilargos) (Oligoryzomys
longicaudatus) and pudu deer (Pudu puda), species indigenous to Southern Chile and
Southwestern Argentina (Kohls, 1969; Guglielmone et al., 2006a; Guglielmone et al., 2007).
While there is some evidence for transmission of zoonotic pathogenic Babesia spp. by I.
stilesi collected from pudu (Tagle, 1971; Rudolph et al., 1975), B. burgdorferi was not
identified in Ixodes ticks collected previously in Chile (Osorio, 2001) and could not be
cultured from Chilean patients with signs and symptoms clinically compatible with LB
(Abarca et al., 1996; Neira et al., 1996).
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In an effort to explore the question of whether B. burgdorferi s.l. is present in South
America, I. stilesi ticks collected from vegetation and colilargos in a forest reserve in
Southern Chile and from captive pudus undergoing rehabilitation in the same region were
examined. These ticks harbored a novel LB group borrelial species genetically distinct from
other LB borreliae from North America, Europe and Asia. We propose this new borrelial
genospecies be named Borrelia chilensis VA1 in honor of its country of origin.

Results
Identification of ticks obtained from environmental and animal sources in Chile
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Thirty-eight I. stilesi ticks (both sexes, various stages, all flat, i.e., unfed) were collected
from environmental vegetation in the San Martin Experimental Forest Preserve (39°38′ S,
73°07′ W), Valdivia, Chile, 13 in 2005 and 25 in 2008. Fifty-eight I. stilesi ticks (both
sexes, various stages, engorged and flat) were removed from at least three captive pudus
(Pudu puda) undergoing rehabilitation on three occasions: 19 in 2002; 27 in 2003; and 12 in
2005. Both groups of ticks were fixed in 70% ethanol shortly after collection. A third group
of 12 I. stilesi ticks (flat nymphs) removed from four colilargos trapped in the Preserve in
September, 2011, were kept alive until they had been identified and used in these studies.
All ticks were identified as I. stilesi by standard tick keys (Kohls, 1969; Robbins et al.,
2001; Guglielmone et al., 2006a). A single engorged larva removed from one of the pudus
was identified as a larva of I. stilesi by standard tick keys. Sequencing of 16S rDNA
amplicons from four randomly chosen collected ticks confirmed their identification as I.
stilesi (Guglielmone et al., 2007).
Demonstration of spirochetes in living ticks
Spirochetes with the typical flat-wave morphology of Borrelia were visible in midgut tissue
from one of 12 I. stilesi ticks removed from colilargos (Fig. 1A). Microscopy of midgut
tissue cultured at 34°C in Barbour-Stoenner-Kelly (BSK)-H media (Barbour, 1984; Barbour
and Hayes, 1986) revealed morphologically similar spirochetes after one week of incubation
(Fig. 1B). Unfortunately, the Borrelia culture was contaminated with a rod-shaped Gramnegative bacterium identified as Delftia sp. by 16S rRNA gene sequence analysis using
universal primers for 16S RNA genes (Weisburg et al., 1991). Delftia sp. are symbiotic
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Gram-negative betaproteobacteria found in some arthropods including ixodid ticks and
insects (Benson et al., 2004; Hail et al., 2011; Zouache et al., 2011). During growth in
suspension culture, motile Borrelia occupied the upper level of culture medium, Delftia the
lower. Multiple attempts to free the culture from Delftia sp. using serial dilution on solid
medium and liquid media, ultrafiltration (0.2 μm and 0.45 μm pore sizes), flow cytometry,
and antimicrobials (kanamycin, erythromycin, tetracycline, gentamycin, novobiocin,
vancomycin, bacitracin, cycloserine, rifampicin, phosphomycin, amphotericin B) were
unsuccessful. B. chilensis was subcultured at weekly intervals in BSK-H media; early
passages were stored at −80°C. Cultured spirochetes frequently grew in long filamentous
forms (Figs. 1C, 1D), similar to those previously described during growth of B. burgdorferi
sensu stricto in culture (Barbour, 1984). This organism was designated B. chilensis VA1.
Borrelial DNA in ticks and comparison with DNA from B. chilensis VA1 cultured from a tick
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Standard and nested/seminested PCR amplification was used to detect borrelial DNA in
ticks obtained from the environment and from pudus and colilargos. Tick 16S rDNA was
used as an internal control to define the quality of isolated DNA. Borrelial 16S rDNA (800
bp) was amplified from one flat male tick collected from vegetation in 2005, two flat female
ticks collected from vegetation in 2008 and two flat nymphs removed from colilargos in
2011, including the one in which spirochetes were observed (Table 1). The mean prevalence
of infection in ticks (10%) was not significantly different between ticks collected from
environmental vegetation in 2005-2008 and from colilargos in 2011 (P > 0.05, Fisher’s exact
test). None of the ticks removed from pudus contained borrelial DNA.
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Borrelial DNA in ticks was examined by seminested or nested PCR for four additional loci
(23S rRNA genes, 5S-23S intergenic spacer (IGS), flaB, ospC) and for eight
chromosomally-located housekeeping genes (clpA, clpX, nifS, rplB, pyrG, recG, pepX, uvrA)
used in a borrelial multilocus sequence typing (MLST) schema developed by (Margos et al.,
2008) (Table 1). It was not always possible to amplify all genes from every infected tick
(Table 1). Amplification of IGS and ospC sequences suggested that this borrelia was a
member of the LB group, since these sequences are only present in B. burgdorferi s.l.
(Fukunaga et al., 1992; Schwartz et al., 1992; Gazumyan et al., 1994; Margos et al., 2008;
Rudenko et al., 2011; Stanek and Reiter, 2011; Margos et al., 2011). With regard to the
housekeeping genes used in MLST, sequences obtained from the spirochete cultured from
tick 5 (B. chilensis VA1), were identical to those obtained from tick 5 itself (Table 1). None
of these amplified sequences was identical to sequences from described Borrelia species in
the GenBank and MLST databases. Genetic identity between ospC from B. chilensis VA1
and ospC from other B. burgdorferi s.l. in GenBank varied from <77% for B. valaisiana
VS116 to 82% for B. burgdorferi B31. Comparable values for the eight housekeeping genes
from B. chilensis VA1 and the corresponding genes in the MLST database ranged from 87%
(in the case of clpA) to 94% (in the case of clpX), indicating that they represented new
alleles for each of these genes (data not shown).
Phylogenetic analyses of sequences amplified from Chilean ticks
Phylogenetic analysis of borrelial 16S rRNA genes showed that sequences amplified from
infected ticks formed a single well-supported clade within the LB borrelia group distinct
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from RF and REP borreliae (Takano et al., 2010) (Fig. 2). Although insufficient overlap
between 16S rRNA sequences of amplicons from Chilean and Uruguayan ticks made
phlyogenetic comparison impossible, such comparison was possible with flaB sequences
(Fig. S1). This confirmed that sequences amplified from Chilean ticks belonged to a single
well-supported clade within the LB borrelia group that was distinct from all clades of flaB
sequences amplified from Uruguayan ticks. Additional phylogenetic analyses of 23S rRNA
and IGS sequences from several ticks confirmed that borrelial sequences amplified from
Chilean ticks belonged to a single well-supported clade with 98% and 99% support,
respectively (data not shown).
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A phylogenetic tree was constructed using the MLST schema developed by Margos et al.
(2008) in order to further clarify the taxonomic and evolutionary relationships between the
Chilean borrelia, B. chilensis VA1, and other borrelial species (Fig. 3). B. chilensis VA1 was
closely related to LB borrelia and only distantly related to RF borrelia. Pairwise genetic
distances of the concatenated housekeeping genes of B. chilensis VA1 from RF borrelia
were 0.2859 - 0.3011, while pairwise genetic differences from other LB borreliae were
0.0952 - 0.1138 (Table S1). All these distances are much larger than the species threshold of
0.0170 using this typing scheme (Postic et al., 2007; Margos et al., 2009) and are consistent
with designating B. chilensis VA1 as a new species within the B. burgdorferi sensu lato
genospecies..
Plasmid content of B. chilensis VA1
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The plasmid content of B. chilensis VA1 was characterized using PCR and pulsed-field gel
electrophoresis (PFGE) on borrelial samples taken from the upper third of culture tubes.
Microscopic examination of two replicate preparations showed they contained <1 and 4
contaminating Delftia sp. cells per 100 spirochetes. PCR and PFGE results were similar with
both preparations. lp17 was not present in B. chilensis VA1 by PCR (Fig. 4A) or by PFGE
(Fig. 4B), but was identified in B. burgdorferi B31A3 by PCR and corresponded to the
smallest band in PFGE. Of the larger borrelial plasmids, lp54 and lp56 were identified by
PCR in B. chilensis VA1, while only lp54 was present in B. burgdorferi B31A3 (Fig. 4A).
PFGE confirmed the presence of two clearly separate high molecular weight bands in B.
chilensis VA1 and only one band in B. burgdorferi B31A3 (Fig. 4B). Four mid-range
molecular weight plasmids were detectable in B. chilensis VA1 by PCR (lp28-2, cp26,
cp32-2/7, cp32-3) (Fig. 4B) probably corresponding to the four mid-range bands seen on
PFGE. This profile was clearly different from the mid-range profile of B. burgdorferi
B31A3 (Fig. 4B). These results suggest that plasmid profiles of B. chilensis VA1 and B.
burgdorferi B31A3 are distinct.

Discussion
We have shown the presence of motile culturable spirochetes with flat-wave morphology
and borrelial DNA in adult and nymphal I. stilesi ticks collected from local vegetation and
from a rodent endemic to Chile and Argentina. DNA sequencing analysis of PCR amplicons
from 16S and 23S rRNA genes, IGS, flaB and ospC was consistent with this borrelia being a
member of the B. burgdorferi s.l. complex. Sequences for each gene from individual ticks
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(when multiple sequences were available) formed well-supported single clades within the
LB borrelial group. Furthermore, amplicons for IGS, flaB, clpA, clpX, nifS, pepX, pyrG,
recG, rplB, and uvrA from a single infected tick were identical to sequences obtained from
amplicons of spirochetes cultured from this tick (Table 1). A standard borrelial MLST
phylogenetic analysis of eight housekeeping genes confirmed that this borrelia was a
previously undescribed member of the B. burgdorferi s.l. complex. Taken in toto, these
observations provide strong evidence for these sequences representing a new borrelial
species and the cultured organism validly representing the borrelial DNA found in ticks. We
propose to name this new species B. chilensis, and note that this extends the range of LB
group borrelia in South America and the Southern Hemisphere.
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It was not possible to amplify all genes from all ticks (Table 1), a situation previously noted
by others (Margos et al., 2008). The reason for this is not clear. It might be the result of low
spirochete load given that microscopy of tick gut fluid showed 0-1 spirochetes per field.
Low spirochete load may be a general condition of Southern Hemisphere borrelia as recently
demonstrated by the inability of Barbieri et al. to amplify full sequences of a new borrelial
species in ticks from Uruguay (Barbieri et al., 2013). Other causes for this lack of
amplification could be DNA degradation as a result of the prolonged fixation of ticks in
ethanol, the presence of PCR inhibitors in the DNA extracted from the ticks, sequence
heterogeneity at the priming sites or some combination of these factors. For example, B.
chilensis ospC showed marked sequence divergence from the ospC genes of other LB
borreliae.
Although B. chilensis VA1 was always a distinct member of the LB group in all
phylogenetic trees constructed using various loci, its phylogenetic relationships varied
considerably (Figs. 2, 3, S1). The different branching orders in these trees do not reflect
phylogenetic uncertainty or the evolutionary history of the species but rather reflect the
evolutionary history of the particularl loci used to generate the trees. The basal position of B.
chilensis in the MLST tree (Fig. 3) is thus not indicative of its ancestral status in the absence
of further analyses (Crisp and Cook, 2005).
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While we were unable to grow B. chilensis VA1 free from its contaminating Delftia sp. after
repeated attempts by different methods, we took advantage of the physical separation of
spirochetes and Gram-negative betaproteobacteria during culture to effect a partial
separation of the two bacteria. PCR and PFGE showed this new Borrelia to contain some
plasmids not present in B. burgdorferi B31A3 while lacking others present in this strain.
Some of these latter negative results may not indicate absence of particular plasmids but
may be a result of sequence heterogeneity at the priming sites. Delftia acidovorans contains
four plasmids ranging in size from 60-77 kb (Sota et al., 2006; Król et al., 2012; Król J.E.,
Rogers, L.M., Sen, D., and Top, E.M., GenBank accession NC_019283, no attendent
publication), but the plasmid content of Delftia sp. is in general poorly characterized (Stolze
et al., 2012). We believe the plasmids we observed belong to B. chilensis given the lower
concentration of Delftia in our preparations and the absence of any bands in the 60 – 77 kb
region in PFGE (Fig. 4). The absence of lp17 in B. by both PFGE and PCR analyses could
indicate a modified pathogenicity for rodents, since targeted deletion of genes on this
plasmid altered tissue invasion in mice (Casselli et al., 2012). Another plasmid associated
Environ Microbiol. Author manuscript; available in PMC 2015 April 01.
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with borrelial pathogenicity for rodents, lp36 (Purser and Norris, 2000; Jewett et al., 2007),
could not be amplified from B. chilensis by PCR, but its presence in PFGE analysis could
not be definitively determined because of the multiplicity of mid-range sized plasmids
visible on the gel. Obtaining a pure culture of this bacterium will be essential to determine
its pathogenic potential. In this regard, our inability to grow B. chilensis VA1 free from its
contaminating Delftia sp. may suggest a symbiotic relationship between these two bacteria
and frustrate such studies.
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In addition to describing this new LB borrelial genospecies, we identified one of its likely
vectors, I. stilesi, and have confirmed previous observations that colilargos (O.
longicaudatus) were a host for its nymphs (Guglielmone et al., 2007). Detection of all stages
of I. stilesi in the environment where the tick samples are obtained also confirmed that these
endemic ticks can complete their full life cycle in this biotope (Guglielmone et al., 2006a).
Detection of Borrelia in two of twelve I. stilesi nymphs removed from four colilargos might
indicate that this rodent is a reservoir for B. chilensis in Chile. A recent study of 900 rodents
collected in this region is consistent with these suggestions (C. Hernández and R. Murúa,
unpublished). This study found only 37 (4%) of them were infested with ticks. Although
colilargos accounted for 32 of these infested rodents, three long-haired grass mice
(Abrothrix longipilis) and two olive grass mice (A. olivaceus) were also infested. More
studies of the rodent populations in this biotope will be required to determine whether and
which of these rodent species can serve as reservoir hosts for borrelia.The fact that no
infected I. stilesi were collected from pudus suggests that these animals, like deer of the
Northern Hemisphere, are not competent reservoir hosts for LB borreliae (Telford, III et al.,
1988; Isogai et al., 1994; Brunner et al., 2008; Kjelland et al., 2011). The recent introduction
of red deer (Cervus elaphus) to the Chilean biotope where this study was carried out (Jakcsic
et al., 2002) could provide an opportunity for an additional host for Ixodes ticks.
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Even though vector competence was not established in this study, the presence of B.
chilensis in two active life stages of I. stilesi suggests that the spirochete can be maintained
long-term in this tick, a trait that is characteristic of Ixodes species that transmit borreliae.
The Chilean ixodids unique to the neotropical zoogeographic region and their hosts include
several other endemic or established species of ixodid ticks besides I. stilesi (I. auritulus, I.
chilensis, I. cornuae, I. neuquenensis I. sigelos, I. uriae, I. taglei) and many potential hosts
(Kohls, 1969; González-Acuña and Guglielmone, 2005; Marín-Vial et al., 2007).
The mean prevalence of infection of I. stilesi by B. chilensis (10%) is considerably lower
than the 20-40% infection rate of I. scapularis with North American LB spirochetes in LB
endemic areas (Hanincová et al., 2006; Kurtenbach et al., 2006). The relatively low infection
rate of I. stilesi, coupled with an apparently homogeneous population of B. chilensis,
suggests that the tick and spirochete might have evolved under conditions where
introductions of borrelial species by migrating animals (including birds) were infrequent,
perhaps as a result of the geographical isolation of Southern Chile (Matuschka et al., 1998).
Alternatively, I. stilesi may be nidicolous with a low frequency of carriage of borrelia as in
the case of I. arboricola (Heylen et al., 2013). These and other factors make it difficult to
evaluate the pathogenic potential of B. chilensis for human beings and domestic animals in
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The possibility that I. stilesi is a vector for B. chilensis VA1 in this South American ecotope
raises a series of questions on the independent origin and co-evolution of this borrelial
genospecies and its vector and how they reached this ecotope. It is generally accepted that
the North American and European populations of B. burgdorferi s.l. are related but have
evolved independently (Margos et al., 2008; Qiu et al., 2008; Hoen et al., 2009; Kurtenbach
et al., 2010). In this context, it could be suggested that the ancestors of B. chilensis and I.
stilesi migrated from North America with rodent hosts in the Great American Interchange
after the closing of the Isthmus of Panama 3 million years ago (Knowles and Richards,
2005; Kirby et al., 2008). Alternatively, the ancestors of Ixodes already present in Pangaea
passed to Gondwanaland and then to South America where they evolved independently,
only coming in contact with rodents infected with Borrelia after the Great American
Interchange (Balashov, 1994; Duarte et al., 2008). B. chilensis could also have been
introduced by migratory birds or be a relict population generated by the northern migration
of hosts and vectors following retreat of the glaciers (Margos et al., 2011). The unique
sequence of the ospC gene in B. chilensis VA1 suggests that selective forces present in the
mammalian population of this ecotope might result in an important degree of host
specialization or immune-escape frequency-dependent selection (Brisson and Dykhuizen,
2004; Barbour and Travinsky, 2010; Haven et al., 2011).
In summary, this study provides solid evidence for extending the range of LB borreliae to
the western coast of South America. It also serves as a basis for further studies of
relationships of B. chilensis with Ixodes ticks and rodents, and the pathogenic relevance of
this genospecies.

Experimental procedures
Collection and identification of ticks
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Ticks for this study were collected in the San Martin Experimental Forest Preserve (39°38′
S, 73°07′ W), Universidad Austral de Chile, Valdivia, Chile and from captive pudu deer
undergoing rehabilitation at the Wildlife Rescue Center in the Veterinary Hospital at the
Faculty of Veterinary Sciences, Universidad Austral de Chile, Valdivia. The preserve is
located in the Valdivian temperate rain forest ecoregion in the Eastern foothills of the
Pacific coastal range in Region de los Rios (Region XIV) at an average elevation of 3 m
above sea level. Its climate is temperate and wet (average temperature, 12.1°C, range 0° to
30°C; average annual rainfall, 2,500 mm) (Miller, 1976; Veblen and Schlegel, 1982).
Ticks were collected in 2002, 2003, 2005, 2008 and 2011. A group of 38 ticks was collected
from the environment during the Austral springs of 2005 and 2008 by dragging 1 m2 panels
of white corduroy cloth over the ground and vegetation (Moreno et al., 2006). A second
group of 58 ticks was collected from from at least three captive pudus (Pudu puda)
undergoing rehabilitation at the Wildlife Rescue Center in the Veterinary Hospital, Faculty
of Veterinary Sciences, Universidad Austral de Chile, Valdivia (one in 2002, one in 2003,
and at least one in 2005). All ticks clinging to the drag cloth or attached to the deer were
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removed with forceps, fixed with 70% ethanol and stored in vials at 4°C for later
identification and DNA extraction. A third group of 12 ticks was removed with forceps from
four colilargos (O. longicaudatus) trapped in the Reserve in September, 2011. These ticks
were stored alive in sterile glass vials at ambient temperature for later identification,
borrelial culture, and DNA extraction. Fixed and living ticks were identified by standard tick
keys (Kohls, 1969; Robbins et al., 2001; Guglielmone et al., 2006a) and by sequencing 16S
rDNA amplicons generated with primers IXOst1 and IXOst2 (Table S2). These primers
were constructed based on the I. stilesi rDNA sequence (GenBank accession no. EF362757).
Tick processing and borrelial culture

NIH-PA Author Manuscript

Individual live ticks were sequentially washed in 3% hydrogen peroxide, 95% ethanol, 0.1%
sodium hypochlorite and phosphate-buffered saline, pH 7.2 (PBS) (Varela et al., 2004) and
split in two. One part was used for DNA extraction; the other was crushed with a sterile
needle in 100 μl of PBS. A small aliquot of this mixture was taken for microscopy. The
remainder was inoculated into 3 ml of BSK-H media (Sigma Chemical, St. Louis, MO)
supplemented with 6% rabbit serum (Sigma) and Borrelia antibiotic mix (Sigma), and
cultured at 34°C for 10 weeks (Barbour, 1984; Barbour and Hayes, 1986). Cultures were
checked weekly for bacterial growth by fluorescence microscopy after staining with acridine
orange (Fisher Scientific, Fair Lawn, NJ), and subcultured when cells reached early
stationary phase of growth. Photomicrographs of aliquots of culture were taken with a
DVC-1412AC digital camera (Digital Video Camera Company, Inc., Austin, TX), attached
to Olympus Bx60 microscope (Olympus Optical, Tokyo, Japan) equipped with a Plan phasecontrast objective (magnification, ×100).
DNA extraction, PCR and sequencing

NIH-PA Author Manuscript

Ticks were processed individually. Total DNA from a whole or partial tick or from fourth
passage Borrelia culture was extracted using DNeasy Blood and Tissue kit (QIAGEN
Sciences, Germantown, MD) according the manufacturer’s instructions, and was
immediately used for PCR analysis or was stored at −20°C for later analysis. Several tubes
from which tick tissue had been omitted were included in each group of assays as negative
controls to detect cross-contamination. DNA extraction was done in a room physically
separate from those where PCR analysis and gel electrophoresis were performed to avoid
contamination. All tick DNA samples were subjected to PCR amplification using the
primers shown in Table S2. DNA from ticks positive for borrelial 16S rRNA and genomic
DNA from fourth passage cultures of B. chilensis VA1 was assayed by PCR for 23S rDNA,;
IGS; flaB; ospC; and eight housekeeping genes (borrelial MLST) using published primers
and protocols (Postic, et al., 1994, de Silva, et al., 1998, Wang, et al., 1999; Margos et al.,
2008). Genomic DNA of B. burgdorferi B31A3 was used as a positive control for all PCR.
All PCR amplicons were isolated and purified from agarose gel using the Zymoclean Gel
DNA Recovery Kit (Zymo Research, Irvine, CA) according to the manufacturer’s protocol,
and were sequenced in both forward and reverse directions in GENEWIZ (South Plainfield,
NJ). Sequences of each gene and their traces were carefully reviewed, tested individually,
and searched against sequences available in the GenBank using BLAST and in the MLST
(http://borrelia.mlst.net) databases using implemented facilities.
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NIH-PA Author Manuscript

Sequences for analysis were obtained from GenBank (using BLAST on complete genomes
as necessary) and from B. burgdorferi MLST database (http://borrelia.mlst.net/) (Table S3).
Phylogenetic trees were constructed and pairwise distances between sequences computed
from multiple sequence alignment by log expectation (MUSCLE)-aligned loci sequences
and from concatenated sequences of eight housekeeping genes using the Maximum
Likelihood method in MEGA5 with bootstrap test (n = 1000 replicates) (Tamura et al.,
2011). Best-fit models chosen in MEGA included: Kimura 2-parameter model (Kimura,
1980) with a discrete Gamma distribution (16S, IGS); Kimura 2-parameter model (Kimura,
1980) (23S); Tamura 3-parameter model (Tamura, 1992) with a discrete Gamma distribution
(flaB, ospC); and General Time Reversible model (Nei and Kumar, 2000) with a discrete
Gamma distribution, some sites to be evolutionarily invariable (MLST). Trees were rooted
using RF group borreliae as the outgroup (Margos et al., 2009)
Analysis of plasmid content
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Cells from 10 ml (107 cells/ml) fourth passage cultures of B. chilensis VA1 and second
passage of B. burgdorferi B31A3 after isolation from infected mice were centrifuged at
7500 × g for 10 min to pellet the bacteria. Cells were washed twice in PBS, resuspended in
300 μl of 50 mM Tris, pH 7.6, 50 mM NaCl, mixed with 300 μl of 1.8 % agarose (Bio-Rad
Laboratories, Hercules, CA), and placed in the PFGE insert mold (Bio-Rad). Cells in these
agarose blocks were lysed with a buffer containing 50 mM Tris-HCl, pH 8, 50 mM
ethylendiaminetetraacetic acid (EDTA), 1% sodium dodecylsulphate and proteinase K (1
mg/ml) at 50°C for 24 h, then washed extensively in TE buffer (10 mM Tris, 1 mM EDTA,
pH 8.0) and used for PFGE (Walker et al., 1995) (CHEF-DR II pulsed-field electrophoresis
system, Bio-Rad) in 0.5X TBE with pulse time increasing from 0.7 to 2.2 sec at 14°C for 19
h at 6 V/cm using MidRange PFG marker I (New England Biolabs, Ipswitch, MA, USA) as
molecular reference marker. Plasmid patterns were visualized after ethidium bromide
staining. Analysis of plasmid content in B. chilensis VA1 was done by PCR using primers
and conditions developed for the plasmids of B. burgdorferi B31 (Iyer et al., 2003).
Nucleotide sequence accession numbers
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GenBank accession numbers of sequences reported in the present study: nifS, JX564989;
rplB, JX564990; pyrG, JX564991; recG, JX564992; pepX, JX564993; clpX, JX564994;
clpA, JX564995; uvrA, JX564996; 23S rRNA gene, JX669128; 16S rRNA gene, JX669129;
ospC, JX669130; flaB, JX669131; 5S-23S IGS, JX669132. MLST allele numbers of
sequences reported in the present study: clpA, 170; clpX, 133; nifS, 123; pepX, 148; pyrG,
148; recG, 148; rplB, 130; uvrA, 140. The B. chilensis VA1 allelic profile is designated
MLST serotype ST430.
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Environ Microbiol. Author manuscript; available in PMC 2015 April 01.

Ivanova et al.

Page 11

Acknowledgments
NIH-PA Author Manuscript

This work was supported by grant 5R01 AI48856-07 from N.I.H to F.C.C. We thank Dr. G. Margos, LudwigMaximilians-University, Munich, and German National Reference Centre for Borrelia, Bavarian Health and Food
Safety Authority, Oberschleissheim, Germany, for providing unpublished concatenated borrelial MLST sequences,
much encouragement, and many helpful suggestions. We also thank Ms. Andrea Ortiz, Mr. Rodolfo Figueroa, and
Mr. Sebastián Muñoz-Leal for their assistance in collecting ticks; Dr. Richard G. Robbins, Armed Forces Pest
Management Board, for help in confirming the identity of I. stilesi specimens and for useful information regarding
South American Ixodes; Dr. Ira Schwartz for reading the manuscript and useful comments; Dr. Romilio Espejo,
OMICS Solutions, Santiago, Chile, for constructive advice; and Ms. Harriett Harrison for assistance in manuscript
preparation.

References

NIH-PA Author Manuscript
NIH-PA Author Manuscript

Abarca K, Ribera M, Prado P, Lobos T, Palacios O, Ferres M, et al. Neuroborreliosis in Chile. Report
of a child probably infected by imported pets. Rev Med Chil. 1996; 124:975–979. [PubMed:
9196998]
Ataliba AC, Resende JS, Yoshinari N, Labruna MB. Isolation and molecular characterization of a
Brazilian strain of Borrelia anserina, the agent of fowl spirochaetosis. Res Vet Sci. 2007; 83:145–
149. [PubMed: 17222877]
Balashov YS. Importance of continental drift in the distribution and evolution of ixodid ticks. Entomol
Rev. 1994; 73:42–50.
Barbieri AM, Venzal JM, Marcili A, Almeida AP, Gonzalez EM, Labruna MB. Borrelia burgdorferi
sensu lato infecting ticks of the Ixodes ricinus complex in Uruguay: first report for the Southern
Hemisphere. Vector Borne Zoonotic Dis. 2013; 13:147–153. [PubMed: 23402334]
Barbour AG. Isolation and cultivation of Lyme disease spirochetes. Yale J Biol Med. 1984; 57:521–
525. [PubMed: 6393604]
Barbour AG, Hayes SF. Biology of Borrelia species. Microbiol Rev. 1986; 50:381–400. [PubMed:
3540570]
Barbour AG, Travinsky B. Evolution and distribution of the ospC Gene, a transferable serotype
determinant of Borrelia burgdorferi. MBio. 2010; 1:e00153–10. [PubMed: 20877579]
Benson MJ, Gawronski JD, Eveleigh D,E, Benson DR. Intracellular symbionts and other bacteria
associated with deer ticks (Ixodes scapularis) from Nantucket and Wellfleet, Cape Cod,
Massachusetts. Appl Environ Microbiol. 2004; 70:616–620. [PubMed: 14711698]
Bouchard C, Beauchamp G, Nguon S, Trudel L, Milord F, Lindsay LR, et al. Associations between
Ixodes scapularis ticks and small mammal hosts in a newly endemic zone in southeastern Canada:
implications for Borrelia burgdorferi transmission. Ticks Tick Borne Dis. 2011; 2:183–190.
[PubMed: 22108010]
Brisson D, Dykhuizen DE. ospC diversity in Borrelia burgdorferi: different hosts are different niches.
Genetics. 2004; 168:713–722. [PubMed: 15514047]
Brisson D, Drecktrah D, Eggers CH, Samuels DS. Genetics of Borrelia burgdorferi. Annu Rev Genet.
2012; 46:515–536. [PubMed: 22974303]
Brunner JL, LoGiudice K, Ostfeld RS. Estimating reservoir competence of Borrelia burgdorferi hosts:
prevalence and infectivity, sensitivity, and specificity. J Med Entomol. 2008; 45:139–147.
[PubMed: 18283955]
Casselli T, Tourand Y, Bankhead T. Altered murine tissue colonization by Borrelia burgdorferi
following targeted deletion of linear plasmid 17-carried genes. Infect Immun. 2012; 80:1773–
1782. [PubMed: 22354033]
Collares-Pereira M, Couceiro S, Franca I, Kurtenbach K, Schafer SM, Vitorino L, et al. First isolation
of Borrelia lusitaniae from a human patient. J Clin Microbiol. 2004; 42:1316–1318. [PubMed:
15004107]
Crisp MD, Cook LG. Do early banching lineages signify ancestral traits? Trends Ecol Evol. 2005;
20:122–128. [PubMed: 16701355]
Cutler SJ. Relapsing fever-a forgotten disease revealed. J Appl Microbiol. 2010; 108:1115–1122.
[PubMed: 19886891]

Environ Microbiol. Author manuscript; available in PMC 2015 April 01.

Ivanova et al.

Page 12

NIH-PA Author Manuscript
NIH-PA Author Manuscript
NIH-PA Author Manuscript

de Silva AM, Fikrig E, Hodzic E, Kantor FS, Telford SR III, Barthold SW. Immune evasion by
tickborne and host-adapted Borrelia burgdorferi. J Infect Dis. 1998; 177:395–400. [PubMed:
9466527]
Dsouli N, Younsi-Kabachii H, Postic D, Nouira S, Gern L, Bouattour A. Reservoir role of lizard
Psammodromus algirus in transmission cycle of Borrelia burgdorferi sensu lato (Spirochaetaceae)
in Tunisia. J Med Entomol. 2006; 43:737–742. [PubMed: 16892633]
Duarte JM, Gonzalez S, Maldonado JE. The surprising evolutionary history of South American deer.
Mol Phylogenet Evol. 2008; 49:17–22. [PubMed: 18675919]
Dykhuizen, D.; Brisson, D. Evolutionary genetics of Borrelia burgdorferi sensu lato. In: Samuels, DS.;
Radolf, JD., editors. Borrelia. Molecular biology, host interaction and pathogenesis. Caister
Academic Press; Norfolk, UK: 2010. p. 221-249.
Estrada-Peña A, Ayllon N, de la Fuente J. Impact of climate trends on tick-borne pathogen
transmission. Front Physiol. 2012; 3:64. [PubMed: 22470348]
Fukunaga M, Yanagihara Y, Sohnaka M. The 23S/5S ribosomal RNA genes (rrl/rrf) are separate from
the 16S ribosomal RNA gene (rrs) in Borrelia burgdorferi, the aetiological agent of Lyme disease.
J Gen Microbiol. 1992; 138:871–877. [PubMed: 1379622]
Gazumyan A, Schwartz JJ, Liveris D, Schwartz I. Sequence analysis of the ribosomal RNA operon of
the Lyme disease spirochete, Borrelia burgdorferi. Gene. 1994; 146:57–65. [PubMed: 7520403]
González-Acuña D, Guglielmone AA. Ticks (Acari: Ixodoidea: Argasidae, Ixodidae) of Chile. Exp
Appl Acarol. 2005; 35:147–163. [PubMed: 15777007]
Guglielmone AA, Venzal JM, González-Acuña D, Nava S, Hinojosa A, Mangold AJ. The
phylogenetic position of Ixodes stilesi Neumann, 1911 (Acari: Ixodidae): morphological and
preliminary molecular evidences from 16S rDNA sequences. Syst Parasitol. 2006a; 65:1–11.
[PubMed: 16612654]
Guglielmone AA, Beati L, Barros-Battesti DM, Labruna MB, Nava S, Venzal JM, et al. Ticks
(Ixodidae) on humans in South America. Exp Appl Acarol. 2006b; 40:83–100. [PubMed:
17103085]
Guglielmone AA, Nava S, González-Acuña D, Mangold A, Robbins R. Additional observations on the
morphology and hosts of Ixodes stilesi Neumann, 1911 (Acari: Ixodidae). System Appl Acarol.
2007; 12:135–139.
Hail D, Lauziere I, Dowd SE, Bextine B. Culture independent survey of the microbiota of the glassywinged sharpshooter (Homalodisca vitripennis) using 454 pyrosequencing. Environ Entomol.
2011; 40:23–29. [PubMed: 22182607]
Hanincová K, Kurtenbach K, Diuk-Wasser M, Brei B, Fish D. Epidemic spread of Lyme borreliosis,
NorthEastern United States. Emerg Infect Dis. 2006; 12:604–611. [PubMed: 16704808]
Haven J, Vargas LC, Mongodin EF, Xue V, Hernandez Y, Pagan P, et al. Pervasive recombination and
sympatric genome diversification driven by frequency-dependent selection in Borrelia
burgdorferi, the Lyme disease bacterium. Genetics. 2011; 189:951–966. [PubMed: 21890743]
Heylen D, Tijsse E, Fonville M, Matthysen E, Sprong H. Transmission dynamics of Borrelia
burgdorferi s.l. in a bird tick community. Environ Microbiol. 2013; 15:663–673. [PubMed:
23279105]
Hoen AG, Margos G, Bent SJ, Diuk-Wasser MA, Barbour AG, Kurtenbach K, Fish D.
Phylogeography of Borrelia burgdorferi in the eastern United States reflects multiple independent
Lyme disease emergence events. Proc Natl Acad Sci U S A. 2009; 106:15013–15018. [PubMed:
19706476]
Isogai E, Kamewaka Y, Isogai H, Kimura K, Fujii N, Nishikawa T. Complement-mediated killing of
Borrelia garinii: bactericidal activity of wild deer serum. Microbiol Immunol. 1994; 38:753–756.
[PubMed: 7854216]
Iyer R, Kalu O, Purser J, Norris S, Stevenson B, Schwartz I. Linear and circular plasmid content in
Borrelia burgdorferi clinical isolates. Infect Immun. 2003; 71:3699–3706. [PubMed: 12819050]
Jakcsic F, Iriarte JA, Jimenez JE, Martinez DR. Invaders without frontiers: cross-border invasions of
exotic mammals. Biol Invas. 2002; 4:157–173.

Environ Microbiol. Author manuscript; available in PMC 2015 April 01.

Ivanova et al.

Page 13

NIH-PA Author Manuscript
NIH-PA Author Manuscript
NIH-PA Author Manuscript

Jewett MW, Lawrence K, Bestor AC, Tilly K, Grimm D, Shaw P, et al. The critical role of the linear
plasmid lp36 in the infectious cycle of Borrelia burgdorferi. Mol Microbiol. 2007; 64:1358–1374.
[PubMed: 17542926]
Kimura M. A simple method for estimating evolutionary rates of base substitutions through
comparative studies of nucleotide sequences. J Mol Evol. 1980; 16:111–120. [PubMed: 7463489]
Kirby MX, Jones DS, MacFadden BJ. Lower Miocene stratigraphy along the Panama Canal and its
bearing on the Central American Peninsula. PLoS One. 2008; 3:e2791. [PubMed: 18665219]
Kjelland V, Ytrehus B, Stuen S, Skarpaas T, Slettan A. Prevalence of Borrelia burgdorferi in Ixodes
ricinus ticks collected from moose (Alces alces) and roe deer (Capreolus capreolus) in southern
Norway. Ticks Tick Borne Dis. 2011; 2:99–103. [PubMed: 21771543]
Knowles LL, Richards CL. Importance of genetic drift during Pleistocene divergence as revealed by
analyses of genomic variation. Mol Ecol. 2005; 14:4023–4032. [PubMed: 16262856]
Kohls GM. Eight new species of Ixodes from Central and South America (Acarina: Ixodidae). J
Parasitol. 1956; 42:636–649. [PubMed: 13398869]
Kohls GM. Ixodes taglei n. sp. (Acarina: Ixodidae) a parasite of the deer, Pudu pudu (Wol.), in Chile. J
Med Entomol. 1969; 6:280–283. [PubMed: 5387546]
Król JE, Penrod JT, McCaslin H, Rogers LM, Yano H, Stancik AD, Dejonghe W, Brown CJ, Parales
RE, Wuertz S, Top EM. Role of IncP-1β plasmids pWDL7::rfp and pNB8c in Chloroaniline
Catabolism as Determined by Genomic and Functional Analyses Appl. Environ. Microbiol. 2012;
78:828–838.
Kurtenbach K, Kampen H, Dizij A, Arndt S, Seitz HM, Schaible UE, Simon MM. Infestation of
rodents with larval Ixodes ricinus (Acari: Ixodidae) is an important factor in the transmission cycle
of Borrelia burgdorferi s.l. in German woodlands. J Med Entomol. 1995; 32:807–817. [PubMed:
8551503]
Kurtenbach K, Hanincova K, Tsao JI, Margos G, Fish D, Ogden NH. Fundamental processes in the
evolutionary ecology of Lyme borreliosis. Nat Rev Microbiol. 2006; 4:660–669. [PubMed:
16894341]
Kurtenbach, K.; Gatewood, A.; Bent, SJ.; Vollmer, SA.; Ogden, NH.; Margos, G. Population biology
of Lyme borreliosis spirochetes. In: Robinson, DA.; Falush, D.; Feil, EJ., editors. Bacterial
Population Genetics in Infectious Disease. John Wiley & Sons; New York: 2010. p. 217-245.
Margos G, Gatewood AG, Aanensen DM, Hanincova K, Terekhova D, Vollmer SA, et al. MLST of
housekeeping genes captures geographic population structure and suggests a European origin of
Borrelia burgdorferi. Proc Natl Acad Sci U S A. 2008; 105:8730–8735. [PubMed: 18574151]
Margos G, Vollmer SA, Cornet M, Garnier M, Fingerle V, Wilske B, et al. A new Borrelia species
defined by multilocus sequence analysis of housekeeping genes. Appl Environ Microbiol. 2009;
75:5410–5416. [PubMed: 19542332]
Margos G, Vollmer SA, Ogden NH, Fish D. Population genetics, taxonomy, phylogeny and evolution
of Borrelia burgdorferi sensu lato. Infect Genet Evol. 2011; 11:1545–1563. [PubMed: 21843658]
Marie-Angele P, Lommano E, Humair PF, Douet V, Rais O, Schaad M, et al. Prevalence of Borrelia
burgdorferi sensu lato in ticks collected from migratory birds in Switzerland. Appl Environ
Microbiol. 2006; 72:976–979. [PubMed: 16391149]
Marín-Vial P, González-Acuña D, Celis-Diez JL, Cattan PE, Guglielmone AA. Presence of Ixodes
neuquenensis Ringuelet, 1947 (Acari: Ixodidae) on the endangered neotropical marsupial Monito
del monte (Dromicipos glirodoides Thomas, 1894, Microbiotheria: Microbiotheriiidar) at Chiloé
Island, Chile. Eur J Wildl Res. 2007; 53:73–75.
Matuschka FR, Klug B, Schinkel TW, Spielman A, Richter D. Diversity of European Lyme disease
spirochetes at the southern margin of their range. Appl Environ Microbiol. 1998; 64:1980–1982.
[PubMed: 9572986]
Miller, A. The climate of Chile. In: Schwerdtfeger, W., editor. World Survey of Climatology. Climates
of Central and South America. Elsevier; Amsterdam: 1976. p. 113-131.
Moreno CX, Moy F, Daniels TJ, Godfrey HP, Cabello FC. Molecular analysis of microbial
communities identified in different developmental stages of Ixodes scapularis ticks from
Westchester and Dutchess Counties, New York. Environ Microbiol. 2006; 8:761–772. [PubMed:
16623735]

Environ Microbiol. Author manuscript; available in PMC 2015 April 01.

Ivanova et al.

Page 14

NIH-PA Author Manuscript
NIH-PA Author Manuscript
NIH-PA Author Manuscript

Nei, M.; Kumar, S. Molecular Evolution and Phylogenetics. Oxford University Press; New York:
2000.
Neira O, Cerda C, Alvarado MA, Palma S, Abumohor P, Wainstein E, et al. Lyme disease in Chile.
Prevalence study in selected groups. Rev Med Chil. 1996; 124:537–544. [PubMed: 9035504]
Olsén B, Jaenson TG, Noppa L, Bunikis J, Bergström S. A Lyme borreliosis cycle in seabirds and
Ixodes uriae ticks. Nature. 1993; 362:340–342. [PubMed: 8455718]
Osorio G. Búsqueda de la espiroqueta Borrelia burgdorferi sensu lato mediante PCR en garrapatas
ixoideas chilenas silvestres [Search for the spirochete Borrelia burgdorferi sensu lato by
polymerase chain reaction in wild Chilean ticks]. Rev Med Chil. 2001; 129:270–276. [PubMed:
11372294]
Pepin KM, Eisen RJ, Mead PS, Piesman J, Fish D, Hoen AG, et al. Geographic variation in the
relationship between human Lyme disease incidence and density of infected host-seeking Ixodes
scapularis nymphs in the Eastern United States. Am J Trop Med Hyg. 2012; 86:1062–1071.
[PubMed: 22665620]
Piesman J, Gern L. Lyme borreliosis in Europe and North America. Parasitology. 2004;
129(Suppl):S191–S220. [PubMed: 15938512]
Piesman, J.; Fikrig, E. Ecology of Borreliae and their arthropod vectors. In: Samuels, DS.; Radolf, JD.,
editors. Borrelia. Molecular biology, host interaction and pathogenesis. Caister Academic Press;
Norfolk UK: 2010. p. 251-278.
Platonov AE, Karan LS, Kolyasnikova NM, Makhneva NA, Toporkova MG, Maleev VV, et al.
Humans infected with relapsing fever spirochete Borrelia miyamotoi, Russia. Emerg Infect Dis.
2011; 17:1816–1823. [PubMed: 22000350]
Postic D, Assous MV, Grimont PA, Baranton G. Diversity of Borrelia burgdorferi sensu lato
evidenced by restriction fragment length polymorphism of rrf (5S)-rrl (23S) intergenic spacer
amplicons. Int J Syst Bacteriol. 1994; 44:743–752. [PubMed: 7981102]
Postic D, Garnier M, Baranton G. Multilocus sequence analysis of atypical Borrelia burgdorferi sensu
lato isolates-description of Borrelia californiensis sp. nov., and genomospecies 1 and 2. Int J Med
Microbiol. 2007; 297:263–271. [PubMed: 17374507]
Purser JE, Norris SJ. Correlation between plasmid content and infectivity in Borrelia burgdorferi. Proc
Natl Acad Sci U S A. 2000; 97:13865–13870. [PubMed: 11106398]
Qiu WG, Bruno JF, McCaig WD, Xu Y, Livey I, Schriefer ME, Luft BJ. Wide distribution of a highvirulence Borrelia burgdorferi clone in Europe and North America. Emerg Infect Dis. 2008;
14:1097–1104. [PubMed: 18598631]
Radolf JD, Caimano MJ, Stevenson B, Hu LT. Of ticks, mice and men: understanding the dual-host
lifestyle of Lyme disease spirochaetes. Nat Rev Microbiol. 2012; 10:87–99. [PubMed: 22230951]
Robbins R, Sorkin L, Vuilleumier F. First report of Ixodes auritulus Neumann (Acari: Ixodida:
Ixodidae) from the blackish ciclodes, Cinclodes antarcticus (Garnot) (Aves: Passeriformes:
Furnariidae), with additional records of parasitism of Cinclodes spp. by this tick species. Proc
Entomol Soc Wash. 2001; 103:265–268.
Rudenko N, Golovchenko M, Grubhoffer L, Oliver JH Jr. Updates on Borrelia burgdorferi sensu lato
complex with respect to public health. Ticks Tick Borne Dis. 2011; 2:123–128. [PubMed:
21890064]
Rudolph W, Correa J, Zurita L, Manley W. Equine piroplasmosis: leukocytic response to Babesia equi
(Laveran, 1901) infection in Chile. Br Vet J. 1975; 131:601–609. [PubMed: 1192172]
Schwartz JJ, Gazumyan A, Schwartz I. rRNA gene organization in the Lyme disease spirochete,
Borrelia burgdorferi. J Bacteriol. 1992; 174:3757–3765. [PubMed: 1350586]
Sota M, Yano H, Nagata Y, Ohtsubo Y, Genka H, Anbutsu H, Kawasaki H, Tsuda M. Functional
analysis of unique class II insertion sequence IS1071 Appl. Environ. Microbiol. 2006; 72:291–297.
Stanek G, Reiter M. The expanding Lyme Borrelia complex - clinical significance of genomic
species? Clin Microbiol Infect. 2011; 17:487–493. [PubMed: 21414082]
Stolze Y, Eikmeyer F, Wibberg D, Brandis G, Karsten C, Krahn I, Schneiker-Bekel S, Viehover P,
Barsch A, Keck M, Top EM, Niehaus K, Schluter A. IncP-1β plasmids of Comamonas sp. and
Delftia sp. strains isolated from a wastewater treatment plant mediate resistance to and

Environ Microbiol. Author manuscript; available in PMC 2015 April 01.

Ivanova et al.

Page 15

NIH-PA Author Manuscript
NIH-PA Author Manuscript

decolorization of the triphenylmethane dye crystal violet. Microbiology. 2012; 158:2060–2072.
[PubMed: 22653947]
Tagle I. Ixodoidea en Chile [Ixodoidea in Chile]. Bol Chil Parasitol. 1971; 26:46–49. [PubMed:
5167072]
Takano A, Goka K, Une Y, Shimada Y, Fujita H, Shiino T, et al. Isolation and characterization of a
novel Borrelia group of tick-borne borreliae from imported reptiles and their associated ticks.
Environ Microbiol. 2010; 12:134–146. [PubMed: 19758349]
Tamura K. Estimation of the number of nucleotide substitutions when there are strong transitiontransversion and G+C-content biases. Mol Biol Evol. 1992; 9:678–687. [PubMed: 1630306]
Tamura K, Peterson D, Peterson N, Stecher G, Nei M, Kumar S. MEGA5: molecular evolutionary
genetics analysis using maximum likelihood, evolutionary distance, and maximum parsimony
methods. Mol Biol Evol. 2011; 28:2731–2739. [PubMed: 21546353]
Telford SR III, Mather TN, Moore SI, Wilson ML, Spielman A. Incompetence of deer as reservoirs of
the Lyme disease spirochete. Am J Trop Med Hyg. 1988; 39:105–109. [PubMed: 3400797]
Tilly K, Rosa PA, Stewart PE. Biology of infection with Borrelia burgdorferi. Infect Dis Clin North
Am. 2008; 22:217–234. [PubMed: 18452798]
Varela AS, Luttrell MP, Howerth EW, Moore VA, Davidson WR, Stallknecht DE, Little SE. First
culture isolation of Borrelia lonestari, putative agent of southern tick-associated rash illness. J
Clin Microbiol. 2004; 42:1163–1169. [PubMed: 15004069]
Veblen TT, Schlegel FM. Ecological review of the southern forests of Chile. Bosque (Valdivia). 1982;
4:73–116.
Vitorino LR, Margos G, Feil EJ, Collares-Pereira M, Ze-Ze L, Kurtenbach K. Fine-scale
phylogeographic structure of Borrelia lusitaniae revealed by multilocus sequence typing. PLoS
One. 2008; 3:e4002. [PubMed: 19104655]
Vollmer SA, Bormane A, Dinnis RE, Seelig F, Dobson AD, Aanensen DM, et al. Host migration
impacts on the phylogeography of Lyme borreliosis spirochaete species in Europe. Environ
Microbiol. 2011; 13:184–192. [PubMed: 20722696]
Walker EM, Howell JK, You Y, Hoffmaster AR, Heath JD, Weinstock GM, Norris SJ. Physical map
of the genome of Treponema pallidum subsp. pallidum (Nichols). J Bacteriol. 1995; 177:1797–
1804. [PubMed: 7896703]
Wang IN, Dykhuizen DE, Qiu W, Dunn JJ, Bosler EM, Luft BJ. Genetic diversity of ospC in a local
population of Borrelia burgdorferi sensu stricto. Genetics. 1999; 151:15–30. [PubMed: 9872945]
Weisburg WG, Barns SM, Pelletier DA, Lane DJ. 16S ribosomal DNA amplification for phylogenetic
study. J Bacteriol. 1991; 173:697–703. [PubMed: 1987160]
Zouache K, Raharimalala FN, Raquin V, Tran-Van V, Raveloson LH, Ravelonandro P, Mavingui P.
Bacterial diversity of field-caught mosquitoes, Aedes albopictus and Aedes aegypti, from different
geographic regions of Madagascar. FEMS Microbiol Ecol. 2011; 75:377–389. [PubMed:
21175696]

NIH-PA Author Manuscript
Environ Microbiol. Author manuscript; available in PMC 2015 April 01.

Ivanova et al.

Page 16

NIH-PA Author Manuscript
NIH-PA Author Manuscript

Fig. 1.

Morphology of spirochetes from I. stilesi midgut (A), or after in vitro culture for (B) 5 or (C) 12 days or after (D) 9 passages in
BSK-H media (magnification, 100×).
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Fig. 2.
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Phylogenetic bootstrap analysis of 16S rDNA of B. chilensis VA1 and other borrelial species using the Maximum Likelihood
method based on the Kimura 2-parameter model (Kimura , 1980). A discrete Gamma distribution was used to model
evolutionary rate differences among sites (5 categories; +G, parameter = 0.1000). The tree with the highest log likelihood
(−785.9) is drawn to scale with branch lengths measured in the number of substitutions per site. The percentage of trees in which
the associated taxa clustered together is indicated next to the branches; values <75% have been omitted. The analysis involved
33 nucleotide sequences with 355 positions in the final data set after all positions containing gaps and missing data had been
eliminated. See Experimental Procedures for details.
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Fig. 3.
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Phylogenetic bootstrap analysis (n = 1,000) of concatenated sequences of eight housekeeping genes of B. chilensis VA1 and
other borrelial species using the Maximum Likelihood method. A discrete Gamma distribution was used to model evolutionary
rate differences among sites (5 categories; +G, parameter = 0.3517). The rate variation model allowed for some sites to be
evolutionarily invariable ([+I], 0.0000% sites). The tree with the highest log likelihood (−28,311) is drawn to scale with branch
lengths measured in the number of substitutions per site. The percentage of trees in which the associated taxa clustered together
is indicated next to the branches; values <75% have been omitted. The analysis involved 24 nucleotide sequences with 4767
positions in the final dataset after all positions containing gaps and missing data were eliminated. See Experimental Procedures
for details.
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Fig. 4.

Plasmid profiles of B. burgdorferi B31A3 and B. chilensis VA1 analyzed by (A) PCR using primers designed for B. burgdorferi
B31 and (B) PFGE of whole-cell DNA prepared in agarose plugs. See Experimental Procedures for details.
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